
Polymorphisms affecting gene transcription and mRNA
processing in pharmacogenetic candidate genes: detection
through allelic expression imbalance in human target tissues

Andrew D. Johnson†, Ying Zhang, Audrey C. Papp, Julia K. Pinsonneault, Jeong-Eun Lim,
David Saffen, Zunyan Dai, Danxin Wang, and Wolfgang Sadée
*At the time of this work all authors were from the Program in Pharmacogenomics, Department of
Pharmacology, College of Medicine, The Ohio State University, Columbus OH 43210-1239

Abstract
Genetic variation in mRNA expression plays a critical role in human phenotypic diversity, but it has
proven difficult to detect regulatory polymorphisms - mostly single nucleotide polymorphisms
(rSNPs). Additionally, variants in the transcribed region, termed here ‘structural RNA
SNPs’ (srSNPs), can affect mRNA processing and turnover. Both rSNPs and srSNPs cause allelic
mRNA expression imbalance (AEI) in heterozygous individuals. We have applied a rapid and
accurate AEI methodology for testing 42 genes implicated in human diseases and drug response,
specifically cardiovascular and CNS diseases, and affecting drug metabolism and transport. Each
gene was analyzed in physiologically relevant human autopsy tissues, including brain, heart, liver,
intestines, and lymphocytes. Substantial AEI was observed in ∼55% of the surveyed genes. Focusing
on cardiovascular candidate genes in human hearts, AEI analysis revealed frequent cis-acting
regulatory factors in SOD2 and ACE mRNA expression, having potential clinical significance. SNP
scanning to locate regulatory polymorphisms in a number of genes failed to support several
previously proposed promoter SNPs discovered with use of reporter gene assays in heterologous
tissues, while srSNPs appear more frequent than expected. Computational analysis of mRNA folding
indicates that ∼90% of srSNPs affects mRNA folding, and hence potentially function. Our results
indicate that both rSNPs and srSNPs represent a still largely untapped reservoir of variants that
contribute to human phenotypic diversity.

Introduction
Genetic, epigenetic, and environmental factors determine phenotypic variability, including
susceptibility to disease or treatment outcome. Polymorphisms that change the amino acid
sequences in coding regions (cSNPs) are readily detectable. However, regulatory
polymorphisms (rSNPs) appear to be more prevalent than functional nonsynonymous cSNPs
[1-5]. Genome-wide surveys and SNP association analysis with mRNA expression trait
mapping [5,6] indicate regulatory polymorphisms as major factors in human phenotypic
evolution and variability [5,7]. A third type of functional polymorphism affects mRNA
processing (splicing, maturation, stability, transport) and translation [8]. We refer to this class
of polymorphisms as ‘structural RNA polymorphisms’ (srSNPs). However, the overall role of
rSNPs and srSNP still requires systematic evaluation.

Corresponding author: Andrew D. Johnson, Telephone: 508-663-4082, Johnsonad2@nhlbi.nih.gov.
†Current affiliation: The Framingham Heart Study
Conflict of Interest Statement: None of the authors have any competing interests to report.

NIH Public Access
Author Manuscript
Pharmacogenet Genomics. Author manuscript; available in PMC 2009 November 19.

Published in final edited form as:
Pharmacogenet Genomics. 2008 September ; 18(9): 781–791. doi:10.1097/FPC.0b013e3283050107.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Whereas mRNA levels are subject to both cis- and trans-acting factors, measuring the relative
allelic mRNA expression selectively detects only cis-acting factors. Allelic expression
imbalance (AEI), i.e., a different number or type of mRNAs generated between alleles, is a
robust and quantitative phenotype directly linked to cis-acting polymorphisms [3,5,8-21] and
epigenetic regulation, including X-inactivation, imprinting, and gene silencing [4,22,23].

Genome-wide association studies continue to increase the number of candidate genes, while
knowledge of the functional genetic variants is lagging. AEI analysis is a powerful tool for
finding regulatory polymorphisms, but technical difficulties hamper broad usage. Earlier AEI
methods mostly targeted monoallelic expression, while polymorphisms resulting in relatively
small changes, although potentially physiologically relevant, are more difficult to measure.
Array- and RTPCR-based methods with limited precision or sensitivity have been applied to
detect partial regulatory changes, but have mostly been applied to small sets of candidate genes
in lymphocytes. Results from these studies suggest that 20-50% of genes show detectable AEI
[2,3,24-26]. Yet, because the impact of rSNPs and srSNPs strongly depends on the tissue
context, AEI analysis should be performed in physiologically relevant tissues [27,28].
Systematic and accurate surveys of AEI in many genes applied to a variety of human target
tissues are lacking. Yet, autopsy tissues present additional difficulties because of partial mRNA
degradation.

For rapid detection of regulatory polymorphisms in multiple genes, we have developed a robust
and fast methodology applicable to human autopsy tissues, filling an important gap between
large-scale candidate gene discovery and resolution of the functional variants. This study
surveyed AEI for 42 genes in human autopsy tissues, including brain, heart, liver, intestines,
and kidney, as well as peripheral mononuclear cells, revealing frequent AEI in a large fraction
of genes. In cardiovascular genes where regulatory polymorphisms had been reported
previously, we tested whether the observed AEI ratios were compatible with any effects of
these polymorphisms on allelic expression in relevant tissues. We also addressed the question
of how srSNPs affect mRNA folding, and point to a number of genes where frequent srSNPs
affect mRNA expression. The results provide insight into the prevalence of rSNPs and srSNPs.

Results
Methodology for AEI analysis of multiple genes in human autopsy tissues

We developed a rapid methodology for measuring allelic ratios in genomic DNA and mRNA
(as cDNA) (AEI analysis) in human autopsy target tissues. The assay relies on PCR/RT-PCR
amplification, followed by a primer extension step with fluorescently labeled
dideoxynucleotides, and analysis by capillary electrophoresis. Details of the assays applied to
single genes have been published previously by us for several genes included in the present
survey [9-16]. To facilitate application to multiple genes in human autopsy tissues, we have
introduced several steps for obtaining reproducible allelic gDNA and mRNA ratios, including
use of multiple gene-specific primers to maximize cDNA yields for the target genes. Assay
throughput is ∼150 samples/hour, or higher with multiplexing, with an error rate in the order
of 5% (gDNA) and 10-15% (mRNA).

Application of AEI analysis to candidate genes
AEI analysis was applied to 42 candidate genes in a variety of human tissues (Table 1), divided
into genes for cardiovascular and CNS disorders, and drug metabolism and transport. This
selection provides information on the frequency of cis-acting factors but was not designed to
cover the much larger number of possible candidate genes. We first determined (by RTPCR)
all 42 genes were well expressed in the target tissues examined and then determined >4,200
individual genotypes for mRNA marker SNPs in the candidate genes. The 1,008 heterozygous
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samples suitable for use in AEI assays yielded relative allelic expression for an average of 23
subjects or 46 individual chromosomes per gene (average marker SNP heterozygosity ∼24%).
Results for four genes are shown in Fig.1. This study was well powered to detect frequent
functional polymorphisms (>5% minor allele frequency), similar to previous AEI studies [2,
25,26]. Details on tissue source, number of samples, marker SNPs, and allele frequency are
found in Supplemental Table 1. As a conservative detection threshold for the presence of
mRNA AEI ratios (major:minor allele), we used ±log2 0.5 (1:1.4 or 1.4:1) corresponding to 3
SD or more relative to DNA ratios, similar to previous studies [24,25].

Table 2 contains results for genes meeting the detection threshold in at least one sample, along
with information on the marker SNPs, number of replicate analyses, frequency, magnitude and
direction of AEI. If a suspected functional polymorphism is in near complete linkage
disequilibrium with the marker SNP, most or all AEI ratios are unidirectional (either <1 or >1),
as observed with SOD2 in heart tissues (Fig.2). In contrast, functional polymorphisms unlinked
to the marker SNP are revealed by random distribution of ratios <1 and >1 (Fig.2, Table 2),
indicating these are located in other haplotype blocks. Lesser AEI ratios may also be of
physiological relevance but should be subject to more extensive analytical validation to exclude
artifacts. The results reveal AEI above our threshold in 67% of the candidate genes, with AEI
in two or more subjects in 55% of genes. Where genes lack significant AEI this argues against
the presence of cis-acting factors in the tissues analyzed.

Several well-studied genes, such as ACE and SOD2, displayed substantial AEI that was
unexpected from previous genetic analyses (Table 2). In some cases, our AEI data confirm
previous studies, for example, the modest AEI ratios observed for COMT [17], and a similar
frequency and extent of AEI for NQO2 in white blood cells [26] and DTNBP1 in the pons
region [29]. We also failed to observe significant AEI in 5HT2A, as reported [30]; however,
another study suggests the presence of AEI [31] but lacks rigorous validation of the results.

It is possible that AEI may be detectable only in certain ethnogeographic populations where
regulatory alleles are sufficiently frequent (see ACE below), or in specific tissues,
environmental conditions, and diseases. For example, AEI was observed for VKORC1 only in
the liver but was undetectable in heart tissues and B-lymphoblasts (CEPH samples) (Table 2).

Relationship between AEI and mRNA levels
We tested whether the presence of AEI is correlated with total mRNA levels, measured by
RTPCR, in a subset of genes (SOD2, CCL2, NOS3, FLT1, HIF1A, LPL, PTGDS, and
MAOA). Borderline significant correlations between AEI and mRNA levels were observed for
HIF1A (r=-0.45, p<0.06) and PTGDS (r=0.38, p<0.04). These moderate correlations reflect
the greater variability of overall mRNA levels compared to allelic ratios.

Cardiovascular disease candidate genes
AEI analysis was applied to 18 cardiovascular candidate genes that serve as drug targets and
have roles in inflammation, coagulation, lipid metabolism, vasomotor tone, and heart
contractility (Table 1). Target tissues included 65 heart failure explants from transplant
recipients, livers, ex vivo monocytes, and peripheral blood monocyte-derived macrophages.
AEI was detectable for 15 cardiovascular genes at a 20% imbalance threshold (Table 1), while
9 genes displayed AEI when we set our more stringent threshold based on the typical error
rates (±log2 0.5). AEI ratios for genes surveyed in heart tissues are shown in Figure 2. Allelic
mRNA expression of ACE, CCL2, SOD2, CACNA1C, and KCNMB1 was validated using a
second marker SNP, with cDNA derived from a different primer (Table 2). CCL2, PTGDS,
and KCNMB1 showed allelic ratios below and above 1, suggesting multiple functional
polymorphisms and/or incomplete linkage disequilibrium between the marker SNPs and
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functional alleles (Fig.2). In contrast, ACE displayed large unidirectional AEI ratios only in
African Americans, suggesting the presence of a cis-acting factor enriched in this population.
AEI results for ACE were confirmed with use of a second marker SNP (r2=0.98 in compound
heterozygotes). Standard curves were linear, obtained with homozygous DNA representing
both alleles (r2=0.99). A detailed analysis of regulatory ACE polymorphisms will be reported
separately. Both SOD2 and NOS3 showed AEI largely in a single direction – suggestive of a
functional polymorphism in a shared haplotype with the marker SNP, or that the marker SNP
itself is functional. Our results on the frequency and extent of NOS3 AEI are consistent with
published AEI results in brain tissues [27].

A number of genes did not show any AEI, for example, the L-type channel CACNA1C – a gene
featuring >55 exons across ∼250 kB. Subsequent use of several marker SNPs and AEI analysis
of splice variants failed to reveal any cis-acting factor that could have caused highly variable
splicing observed for CACNA1C in human heart [15].

Relationship between AEI and previously suggested regulatory polymorphisms
The frequency and directionality of AEI ratios enables us to investigate whether previously
proposed regulatory polymorphisms in NOS3 (rs2070744), CCL2 (rs1024611), SOD2
(rs5746091), PTGDS (rs6926), and ACE (intron 16 I/D) contribute to this phenotype. We
genotyped the proposed regulatory polymorphisms and tested for association between
genotype and AEI ratios. We analyzed AEI ratios with two discrete thresholds, and also as a
continuous variable. The results in Table 3 indicate that the putative regulatory polymorphisms
cannot account for or are only marginally associated with AEI. For example, a proposed
promoter SNP (rs1024611) [32] in CCL2 was incompatible with AEI observed in two subjects,
or for the absence of AEI in many samples where this SNP is heterozygous, in both heart tissues
and macrophages (Table 3). Similarly, a putative regulatory SNP, T-786C (rs2070744)
upstream of NOS3, and rs6296 in PTGDS, were not significantly associated with the AEI
observed in human target tissues (Table 3). A marginal association between the intensely
studied ACE intron 16 I/D was detectable when AEI was analyzed as a continuous variable,
but there was no association with the large AEI ratios shown in Figure 2.

Detailed analysis of AEI observed for SOD2
Allelic mRNA ratios for SOD2 were ∼1.5-fold in 83% of heart tissues heterozygous for marker
rs4880, indicating that the ‘major allele’ has ∼50% greater expression (however, since allele
frequency is close to 50% assignment of the minor allele is arbitrary). A second marker,
rs5746092 in the 5′UTR in modest LD with rs4880, gave similar results (r2=0.73, in 16
compound heterozygotes), supporting the accuracy of the assay. Neither rs5746092 (37%
heterozygosity) nor rs4880 (52% heterozygosity) were completely associated with AEI, as
several homozygotes or heterozygotes displayed significant or no AEI, respectively. The
results suggest one or more regulatory factors within a common haplotype block. Testing a
proposed functional promoter SNP, rs5746091 [33] in 10 subjects, we found that 3 homozygous
carriers had no AEI and 3 heterozygous carriers did show AEI (allelic ratio >1.4), but 4
homozygous carriers displayed significant AEI, indicating that rs5746091 could not have
played a sole role in allelic expression. Because the AEI ratios are substantiated for each
individual by multiple replicates, each subject showing discrepancy between AEI and SNP
heterozygosity is informative and, thus fails to support a putative functional role for that SNP.

Since epigenetic factors could affect allelic expression, methylation of a CpG island close to
rs4880 was measured. Distant CpG islands outside this haplotype block were not expected to
preferentially affect alleles marked by rs4880. To test allele-selective methylation, we digested
DNA at a Hpa II methylation-sensitive restriction site near rs4880 and measured the DNA
allelic ratios, in comparison to a standard curve from mixed ratios of digested and undigested
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reference DNA. CpG methylation differed detectably between alleles, but allele-specific
methylation did not correlate with corresponding allele-specific mRNA expression ratios
(Pearson r2=0.03) (Fig. 3), arguing against an effect on allelic mRNA expression.

Effect of srSNPs on predicted mRNA folding structures
To assess the potential of SNP-induced changes in mRNA folding, we estimated changes in
folding energies for all possible transitions (C<>U, G<>A) and transversions (C<>G, C<>A,
G<>U, A<>U) in the mRNA coding regions of the μ, κ and δ opioid receptors (OPRM1,
OPRK1, OPRD1), using Mfold. We calculated both the minimum free energy structures (MFE)
and the ensembles of suboptimal structures in varying sized windows around all nucleotide
positions. A majority of SNPs showed the potential to alter mRNA folding, often predicting
more profound changes than the known functional A118G SNP in OPRM1 [17] (see arrow in
Fig. 4). Approximately 60% of single nucleotide substitutions affected MFE structures, and
∼90% altered the ensemble of suboptimal structures, with the potential to affect mRNA
functions [34]. The relevance of a region of the OPRM1 mRNA displaying low susceptibility
to structural disturbance by in silico SNP insertion (Fig.4; also present in OPRD and OPRK
(data not shown)) remains to be determined.

Because SOD2 allelic expression was consistently in a single direction in such a high
proportion (>80%) of samples, we suspected the SOD2 marker SNPs might have a direct,
functional effect on expression. Thus, we further analyzed the predicted allelic effects on
mRNA folding for the marker SNPs in SOD2 (rs4880, rs5646092). Both SNPs are in regions
that display highly stable structures, with rs5646092 positioned within an 18bp helix near the
transcription and translation initiation sites. These results suggest that one or more of these
alleles could affect gene expression through a change in mRNA structure.

Discussion
Robust assay of allelic ratios in genomic DNA and mRNA

We have developed broadly applicable methodology for rapid and robust assays of allelic gene
expression (AEI) in human autopsy tissues. Measuring allelic ratios circumvents at least in part
problems arising from post-mortem mRNA degradation. The AEI analysis can be scaled up to
address multiple genes at a time, and thus, represents an intermediate tool for discovering
functional polymorphisms affecting gene regulation (rSNPs) and RNA processing (srSNPs)
in candidate genes. The effect of rSNPs and srSNPs is expected to vary with the cellular
environment, so that studies on human genes in physiologically relevant target tissues are of
critical importance, for example the pontine brainstem for SERT and TPH2 mRNA [11,13].

Factors other than rSNPs and srSNPs could contribute to AEI, including variable copy number
(CNV) in germline DNA or more frequently as somatic mutations in cancer [35]. We observed
deviations of the DNA ratios from unity only with TPH2 in two subjects [13], indicating that
gene duplications are rare among the 42 genes studied. On the other hand, complete loss of
one allele in germline DNA at the marker SNP locus cannot be assessed with the SNaPshot
method as presented because hemizygous carriers would appear as homozygotes, unless the
gene dosage is quantitated.

Another possible source of AEI, allele-selective epigenetic regulation of gene expression must
be considered where SNP scanning fails to reveal regulatory polymorphisms. The relatively
high precision by which the AEI ratios can be measured, facilitated the dissection of genetic
and epigenetic regulation of the X-linked MAOA, with both processes contributing to AEI
[12].
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Prevalence of AEI in the candidate genes
Our study permits an estimation of the prevalence of cis-acting polymorphisms in 42 candidate
genes in human target tissues, a larger, more diverse sampling than previous studies. Table 2
provides information on the magnitude, direction, and frequency of AEI, as guides for more
detailed studies. Substantial AEI (>log2 0.5) in more than one subject was observed for 55%
of the surveyed genes (Table 2), similar to previous studies [2,3,25]; however, the frequency
is higher than estimates from other studies performed with a random selection of genes in cell
lines and blood cells [24,26]. These differences may be attributable to the selection of strong
candidate genes, or differences in methodology, tissue specificity, number of subjects, and
stringency of AEI thresholds. The presence of frequent AEI was unexpected for some of the
candidate genes that had already been intensely studied for genetic polymorphisms (e.g.,
SOD2, ACE, TPH2 [13], DRD2 [16]).

Differential post-mortem decay for alleles could represent a confounding factor that can be
overcome by molecular genetic studies of the functional polymorphisms. Polymorphisms
affecting alternative splicing may not be detectable if the splice isoforms have similar turnover
rates. To address this issue, allelic mRNA expression can be performed after specific
amplification of each splice variant, as we have demonstrated for DRD2 (intron 5 and 6 SNPs
alter formation of D2S and D2L) [16].

Scanning for regulatory polymorphisms using allelic mRNA expression profiles
AEI patterns provide a means of determining the location of the functional polymorphism by
SNP scanning or sequencing the gene locus, followed by molecular genetic analysis of the
rSNP or srSNPs, as shown for OPRM1, MDR1, MAOA, SERT, TPH2, and DRD2 [9-13,16].

Reporter gene assays in heterologous tissues are commonly used to characterize regulatory
polymorphisms. If these polymorphisms are functional in vivo, one expects corresponding
changes in the AEI ratios. However, for the five genes tested (Table 3) we have failed to detect
significant linkage between the observed AEI ratios and the putative regulatory SNPs.
Similarly, our genotype scanning with AEI did not support a role for a putative SERT promoter
polymorphism (SERT-LPR), although we cannot rule out that this promoter polymorphism
might be active in development, or under stress [11]. Previously suggested regulatory
polymorphisms in DRD2 also failed to correlate with AEI ratios [16]. A separate study of 4
genes (MAOA, NOS3, PDYN, NPY) using AEI analysis again yielded results incompatible with
reporter gene assays [27], corroborating our results for MAOA and NOS3. Similarly, the AEI
observed with CCL2 (MCP1) was not associated with the putative promoter SNP rs1024611
[32]. Therefore, reporter gene assays are not always reliable indicators of regulatory
polymorphisms. Combined use of AEI analysis and reporter gene assays can yield more
definitive results regarding regulatory polymorphisms [16].

Potential relevance of structural RNA SNPs (srSNPs)
For OPRM1, MDR1, TPH2, and DRD2, we have linked the AEI ratios to SNPs in the
transcribed region of the gene, likely involved in mRNA processing, turnover, and splicing
[9,10,13,16]. srSNPs have been shown to affect mRNA stability [9,36] and alternative splicing
[16,37]. Our AEI analysis of marker SNPs in SOD2 and NQO2 indicates they (or SNPs in tight
LD with them) may also affect RNA structures. Taken together, these results support the notion
that srSNPs can be at least as prevalent as rSNPs.

srSNPs could alter mRNA function through changed folding dynamics [15,16,34]. Using
Mfold to predict mRNA structural changes resulting from systematic nucleotide exchanges in
opioid receptor mRNAs (Fig.4), we find that most SNPs affect the likely ensemble of structural
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conformations. Consistent with this, SNPs can be detected by a physical method based on
‘single-strand conformational polymorphisms’, with a 95% discovery rate.

srSNPs can further affect translation, as suggested for the OPRM1 SNP A118G [16], and
COMT haplotypes with altered mRNA folding [38]. Measuring AEI ratios at the protein level
with use of nonsynonymous marker SNPs is a future possibility that would allow the
determination of quantitative effects of polymorphisms on translation and protein turnover.

Cardiovascular disease candidate genes
Half of the 18 cardiovascular genes studied displayed AEI at a conservative cutoff, with ACE
and SOD2 conspicuous examples. An intron 16 I/D polymorphism of ACE had been
extensively tested in clinical association studies, but its functional role remained unclear [39].
Our results suggest strong cis-acting factors unrelated to the I/D variant in heart tissues, with
high frequency in African Americans. Analysis of regulatory ACE polymorphisms and clinical
relevance will be reported separately (A. Johnson et al.).

SOD2 (mitochondrial manganese superoxide dismutase) is a key factor involved in
metabolizing superoxide molecules and may have a role in failing human hearts [40]. Previous
association studies of two variants in SOD2 with cardiomyopathy [41,42], cancers (e.g., [43],
and other disorders have yielded inconsistent results. The nonsynonymous marker SNP used
here lies in a leader sequence (rs4880, -9A>V) and was suggested to affect mitochondrial
uptake of the mature protein [41], while a promoter region SNP (rs5746091) disrupts binding
of AP-2 [33]. Common AEI observed here in failed heart tissues (Fig.2), with allelic mRNA
ratios consistently >1, indicates presence of a frequent functional variant(s) in a haplotype
block containing the marker SNPs. Limited genotype scanning of the SOD2 locus indicated
that the two marker SNPs (rs4880, rs5746092) each taken alone cannot account for the observed
AEI, but may interact with each other or merely represent tags for a functional srSNP in this
region. The promoter SNP rs5746091 did not appear to play a main role. Previous studies have
implicated structural elements in SOD2 expression, including a GC-rich 5′ region upstream of
the transcription start site that also extends into the 5′ end of the transcript [44] and regions in
the 3′UTR of the mRNA [45]. Highly favorable RNA structures exist in the region of rs5746092
and rs4880 suggesting multiple structural states in SOD2 mRNA could affect functions.
Alternatively, epigenetic regulation of SOD2 expression by CpG methylation [46] could have
contributed to AEI, but our initial results argue against this possibility. While further study of
SOD2 regulation is necessary, the measured AEI ratios clearly demonstrate functional variation
of SOD2 mRNA expression.

FLT1, HIF1A, HMOX1, and LPL did not display common and large AEI. However, because
the studied candidate genes all have important physiological roles, even relatively small AEI
ratios, as observed for CCL2, NOS3, FLT1, HIF1A, HMOX1, HMGCR, and LPL, may be of
clinical importance [35]. Even a small activity change of a critical gene such as HMGCR could
affect cholesterol production over an individual's lifetime. Moreover, pravastatin response was
associated with two intronic SNPs in HMGCR, with frequency >5% in the population [47],
and a genome-wide association study for LDL cholesterol also revealed an association with an
intronic HMGCR SNP [48].

In summary, we have applied mRNA AEI analysis to the detection of cis-acting variation for
42 candidate genes, revealing many instances of yet unrecognized functional polymorphisms
or other cis-acting factors. The AEI methodology can be applied on a fairly large scale while
maintaining high accuracy.
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Experimental Procedures
Human tissue selection and sources—We obtained autopsy or biopsy tissue samples
from liver, kidney, intestines, peripheral white blood cells, and various brain regions (prefrontal
cortex, hippocampus, ventral tegmental area (VTA), amygdala, and nucleus accumbens, and
pontine nuclei of the brain stem (for SERT and TPH2)). Specimens from up to ∼100 subjects
for each cell or tissue were obtained from various sources and tissue banks (OSU tissue
procurement division, NIH Cooperative Human Tissue Network, 105 brain sections from the
Stanley Foundation, Red Cross blood samples, and tissue banks at the University of Maryland
and the National Disease Research Interchange). Left ventricular pieces were collected from
the failed hearts of transplant recipients under an IRB-approved protocol at The Ohio State
University. Ninety EBV-transformed B-lymphoblast cell lines were obtained from the Coriell
cell repository, consisting of 30 Caucasian family trios. A majority of the tissues are from
normal subjects, while some tissues included subjects diagnosed with schizophrenia, bipolar
disorder, Alzheimer's disease, and cancer. Ethnic distributions varied between tissues
repositories; no attempt was made to cover ethnic groups evenly. The objective of this study
was to detect functional polymorphisms with allele frequencies of 5% or more.

Sample preparation—Genomic DNA and RNA were prepared from peripheral
lymphocytes, or B-lymphocyte pellets, and frozen tissue samples (brain, liver, etc) as described
previously [9-16]. Monocytes and monocyte-derived macrophages were cultured as described
[49]. For whole blood extractions, the buffy coat was harvested, then red cells were either lysed
using ammonium chloride to yield a leukocyte pellet for RNA extraction, or red and white cells
were lysed with a sucrose Triton solution, providing a nuclear pellet for DNA purification.
Frozen tissue samples were pulverized under liquid nitrogen and portioned into aliquots for
DNA and RNA extractions. DNA was prepared by digestion of the pellet or frozen powder
with SDS and proteinase K followed by NaCl salting out of proteins. DNA was recovered by
ethanol precipitation, and RNA was extracted in Trizol™, chloroform extracted, and recovered
by precipitation with isopropanol. RNA precipitates were dissolved in RNase-free water or
Qiagen buffer, and then extracted using Qiagen RNeasy columns.

Analysis of allelic mRNA expression ratios for detection of allelic expression
imbalance (AEI) Assay design—Allelic ratios of genomic DNA and mRNA were
measured with SNaPshot as reported [9-16]. Briefly, DNA or mRNA (after conversion to
cDNA) regions containing a marker SNP (Supplemental Table 1) were PCR amplified,
followed by SNaPshot primer extension analysis of each allele (Supplementary Table 2). The
procedure differs from earlier studies (e.g., [2]) by combining multiple gene-specific primers
close to the marker SNP region for cDNA synthesis to compensate for mRNA degradation.
Accurate AEI analysis requires robust expression (RT-PCR cycle threshold 27 or less).
Selection criteria for a marker SNP were as follows: 1) location in the transcribed region, coding
or non-coding, 2) high minor allele frequency (0.15-0.50), 3) position of marker SNPs
preferably more than 20 bp from exon boundaries so that the same set of primers for PCR
amplification can be used in both DNA and RNA.

Complementary DNA synthesis—cDNA was generated from total RNA (1 ug) by
Superscript II reverse transcriptase (Invitrogen). Because oligo-dT priming often fails in
autopsy tissues, we used both oligo-dT and gene-specific oligonucleotide primers targeting a
region immediately 3′ of the marker SNP (same oligonucleotide used for PCR). We have
multiplexed up to 30 primers to permit 30 different AEI assays per cDNA preparation.
Comparisons between single and multiple primers showed no significant differences where
tested. cDNA was successfully extracted from autopsy tissues to yield reproducible results
between independent cDNA preparations [9-16].
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Quantitative PCR-based mRNA analysis—We determined the mRNA levels for each
candidate gene in each tissue or cell line, using RT-PCR, to assure that expression is sufficient
for accurate AEI analysis (cycle thresholds equal to or below 27 cycles). Primers used for RT-
PCR were the same as those selected for the AEI analysis, with PCR conditions optimized for
each primer pair on an ABI7000 cycler with SYBR-Green. Results were normalized to an
internal standard (β-actin or GAPDH).

Computational analysis of mRNA folding—We used Mfold version 3.0 to estimate the
effect of SNPs on mRNA folding [50]. Wild-type Refseq mRNA sequences of OPRM1,
OPRD1 and OPRK1 were obtained without untranslated regions. A custom Unix program
created every possible variant at each base position and fed sequences to Mfold for structure
prediction, and subsequent automated analysis. Changes in minimum free energy, as well as
pairwise comparisons in structural interactions (paired vs. unpaired) were calculated relative
to the wild-type structure using sliding windows around the induced variants, and across the
complete mRNA structure.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Results of AEI analysis for ACE, SOD2, NOS3 and CCL2, in heart left ventricular tissues.
Each peak represents a distinct allele measured in genomic DNA or cDNA from a single
heterozygous individual. The selected samples (columns, left to right) represent the typical
genomic DNA ratio observed, a cDNA showing insignificant deviation from the expected ratio
and a cDNA sample showing highly significant deviation from unity. Normalization to the
average genomic DNA is used in the calculation of AEI values (cDNA values listed as
major:minor allele on a log2 scale) and accounts for differences in fluorescent
dideoxynucleotide incorporation efficiencies and fluorescence yields. See Table 1 for a list of
genes reported here and Table 2 for marker SNPs and genes showing significant AEI results.
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Figure 2.
Allelic mRNA expression ratios (major allele over minor allele, normalized to the mean allelic
ratio in genomic DNA) measured in heart failure samples for 12 cardiovascular candidate
genes. Results for individual samples are displayed with the magnitude and direction of AEI
indicated on a log2 scale (y-axis). Potential AEI in individual samples is indicated by ratios >
(+0.3) log2 or <(-0.3) log2, a cutoff arrived at by analysis of the extent of variation in genomic
DNA ratios. For the present survey study we considered ratios >(+0.5) log2 or <(-0.5) log2 to
represent significant AEI.
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Figure 3.
Lack of correlation between SOD2 allelic mRNA expression ratios and allelic CpG methylation
ratios in 34 heart tissue samples. Allelic methylation ratios were determined from triplicate
assays using Hpa II digestion of the genomic DNA region containing rs4880 (only non-
methylated DNA is cut), followed by SNaPshot analysis of the allelic ratios for uncut genomic
DNA.
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Figure 4.
Computed changes of mRNA folding (minimum free energy conformations) induced by all
transitions (SNP generated by C<>T and G<>A substitutions) in the transcribed exonic
domains of OPRM1 mRNA. The arrow indicates the location of the functional SNP A118G,
affecting mRNA levels in human brain (18). The x-axis denotes the nucleotide position in the
mature OPRM1 mRNA (cDNA), while the y-axis represent a scale of the extent by which
predicted mRNA folding is affected by any given transition. Conformations were calculated
for wild-type and mutant sequences using Mfold, and then the sum of the differences in the
Mfold single-strandedness count measure at each nucleotide was computed both globally
(across the full mRNA structure, each point shown here) and in more regional sliding windows
of different sizes. Sliding windows and analysis of both types of transversions at each position
(pyrimidine<>purine), as well as A>G transitions alone all gave very similar results (data not
shown).

Johnson et al. Page 16

Pharmacogenet Genomics. Author manuscript; available in PMC 2009 November 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Johnson et al. Page 17

Table 1
List of candidate genes tested for the presence of AEI

Cardiovascular disease and pharmacogenetic candidate genes
ACE, CCL2, SOD2, NNMT, LPL, HMGCR, CSF1, PTGDS, HIF1A, NOS3, FLT1, CACNA1C, ADRB2, KCNMB1, VKORC1, GGCX, CETP, HMOX1
Drug metabolism and drug transporter candidate genes
ABCB1, CYP2D6, CYP2C9, SLC15A1, SLC15A2
CNS disorder and pharmacogenetics candidate genes
DRD2, CHRNA4, OPRM1, HTR2A, BDNF, SLC6A4, TPH2, SLC6A2, DTNBP1, NRG1, HTR1B, MAOA, DRD3, ESR1, SLC6A3, COMT, DAO, NR3C1,
NQO2
Details on the number of subjects and the target tissues analyzed are in Supplemental Table 1. Genes showing significant AEI are listed in Table 2.
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